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V79 lung fibroblasts were subjected to repetitive oxidative stress in culture through exposures to 30 μM H2O2 for 4 weeks. Within the first
week of treatment p38MAPK became dually phosphorylated and became increasingly phosphorylated during the 4-week stress period. Akt also
became phosphorylated on Ser473 and Thr308 after the second week of treatment and remained phosphorylated throughout the study. NFκB p65
and IκB kinase (IKK) became phosphorylated and NFκB transcriptional activity became augmented during repetitive stress. Treatment of the cells
concurrently with SB203580, a specific p38MAPK inhibitor, robustly blocked activation of NFκB transcriptional activity, phosphorylation of p65,
and IKK but only partially blocked Akt phosphorylation. Similar simultaneous treatment with PI-3 kinase inhibitor LY294002 prominently
blocked Akt phosphorylation. Pre-exposure to short interfering RNA (si RNA ) to p38MAPK resulted in a complete blockage of the NFκB p65
and IKK phosphorylations as well as the anti-apoptotic influence induced by a single low dose of H2O2 but produced a partial obstruction of Akt
phosphorylation. Repetitively stressed cells were found to be significantly resistant to apoptosis-inducing agents such as ultraviolet radiation
(UVR) and mM H2O2. Concurrent treatment with SB203580 almost completely restored the normal apoptotic response such as DNA
fragmentation after UVR and mM H2O2. LY294002, a PI-3 kinase inhibitor and SN-50, an inhibitor of NFκB, produced partial restorations of the
apoptotic response. We conclude that activation of p38MAPK by repetitive oxidative stress is the key event which through its command over
down-stream survival elements such as Akt and NFκB controls the anti-apoptotic environment of the repetitively H2O2-stressed cells.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Cellular damage can trigger diverse responses. It can activate
the apoptotic machinery and remove damaged cells or it can
trigger repair of the damage and cell survival. Pre-exposure to
sub-lethal stress often creates an anti-apoptotic environment in
the cells and prevents cell death in the face of potential death-
inducing stimuli [1–5]. Tolerance or adaptation to oxidative
stress results from pre-exposure to low levels of stress and
provides a survival advantage which may in some cases be
potentially harmful [6–8]. Repeated exposure to low dose
RE
TAbbreviations: NFκB, nuclear factor kappa B; CREB, cAMP response
element binding protein; AP1, activator protein 1; iNOS, inducible nitric oxide
synthase; MAPK, mitogen activated protein kinase
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doi:10.1016/j.bbamcr.2006.11.012oxidative stress has been linked recently to cellular phenotypic
conversion bearing striking similarity to malignant transforma-
tion [6]. It is known that chronic/repetitive long-term exposure
to sub-lethal stress leads to adaptation through upregulation of
anti-oxidant defense [3–5,9,10]. Preconditioning is the protec-
tive response conferred by short durations of ischemia/
reperfusion or other forms of stress to the mammalian heart
and could last up to 4 days [11]. Certain genes which promote
cellular survival such as Bcl-2 and iNOS are overexpressed
through myocardial preconditioning and transcription factors
like CREB and NFκB are also activated in preconditioned cells/
tissues for a limited period [1,11–13]. We have earlier described
upregulation of catalase levels through activation of p38MAPK
in cells repetitively exposed to H2O2 for 4 weeks and the
inhibition by a tea polyphenol of Akt and NFκB pathways
triggered by repetitive exposure to H2O2 for 4 weeks [14,15]. In
long-term tobacco smoke exposure, activation of NFκB and
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AAP1 transcription factors and the increased activity of the
MAPK family enzymes-extracellular signal regulated kinase
(ERK), p38MAPK and jun-terminal kinase (JNK) are observed
in mouse brain [16]. In chronic iron overload for 12 weeks,
increased iNOS gene expression involving ERK and NFκB
activation has been demonstrated [17].
Reactive Oxygen Species (ROS) are now well known as
activators of cellular signaling pathways [18]. Nevertheless, the
precise roles and cross-talks of the different elements of the
signal transduction network upstream of the survival advantage
of the cells adapted to prolonged oxidative stress remains
relatively less documented. Additionally, a comprehensive
sketch of the network upstream of long-term stress adaptation
is also presently unavailable.
Therefore, we tried to decipher the links between the key
elements of the signaling cascade culminating in the expression
of Bcl-2 and phosphorylation of Bad in cells stressed repetitively
with H2O2. Furthermore, we identified the pivotal role played by
p38MAPK in the activation of NFκB and Akt survival
pathways. We also demonstrated the relative contribution of
the pathways to the anti-apoptotic effects of repetitive stress.
2. Materials and methods
2.1. Schedule of exposure to repetitive stress
For development of repetitive oxidative stress, V79 fibroblasts were exposed
to 30 μM H2O2 at 37 °C for 30 min in culture 4 days a week for a period of
4 weeks. H2O2 was routinely found to have degraded during the 30 min of
incubation under the cell culture conditions. Therefore, after the addition of
H2O2 the cells were kept on in the same culture medium for 48 h when they were
subcultured in media containing freshly added H2O2. The p38MAPK inhibitor
SB-203580 (5 μM), or Akt inhibitor LY-294002 (5 μM) or the NFκB inhibitor
SN-50 (18 μM) was added in the culture medium of both inhibitor control cells
(cells receiving no H2O2) and repetitively stressed which received H2O2 for
4 weeks. The inhibitors were freshly added during subculturing every 48 h.
Untreated controls were subcultured normally and received no other treatment
for 4 weeks. After 4 weeks of the experimental period, UVC radiation of 1 J/m2/s
for 5 s or 7.5 mM H2O2 for 15 min was used to induce acute stress in previously
treated or untreated cells.
2.2. Western blot analysis
Cells were harvested from the plates and lysed by rapid freeze and thaw and
were homogenized on ice. After precipitating cell debris and nuclei at 4 °C, the
protein concentration of supernatant was determined by Bradford method. 40 μg
of total protein was separated on 10% SDS-PAGE and was transferred to PVDF
membrane. Blots were blocked for 2 h at room temp with 5% BSA and
incubated at 4 °C overnight with respective primary antibody. After three
washes, the membrane was incubated with 1:5000 dilutions of the appropriate
peroxidase-conjugated secondary antibodies for 1 h at room temperature. After
additional washing, they were developed by chemiluminescence. Western blots
were scanned by a UMAXAstra Scanner and the bands were quantified by using
Scion Image Beta 4.02 software from Scion Corporation, USA.
2.3. Reverse transcriptase polymerase chain reaction
Total RNA (2.5 μg) was reverse transcribed with oligo dT primer using
0.2 mM of dNTP mix, 25 U of RNase inhibitor, 100 U of Moloney murine
leukemia virus reverse transcriptase.
For PCR μl of cDNA from the RT reaction mixture was taken to amplify in a
25 μl reaction volume containing 10 pmol of each primer, 200 μM of each
dNTP, in buffer containing 1.5 mM MgCl2 and 5 U of taq polymerase. A 10 μl
RE
TRportion of PCR product was electrophoresed in a 1.0% agarose gel. The
ethidium bromide stained gel were photographed with Chemidoc (Biorad). β-
Actin was used as internal standard for all reverse transcriptase polymerase
chain reactions (RT-PCRs).
2.4. Short interfering RNA transfection
50% confluent cells were treated with siRNA of p38MAPK (p38MAPK
short-cut short interfering RNA (siRNA) mix-New England Biolabs), which is
22 nucleotide long, by the procedure mentioned in the New England Biolab
protocol for the kit. This siRNAwas supplied by the manufacturer in a ready to
use condition. Transfection was done by Transpass R1 transfection reagent from
New England Biolabs which has a polyamine-lipid formulation. Cells were
treated with 50 μMH2O2 after 36 h of transfection and cells were harvested after
9 h of H2O2 treatment for western blotting. For apoptosis experiments, cells
were similarly transfected with siRNA and treated with small dose (50 μM)
H2O2. Apoptotic stress (5 J/m
2 UVR or 7.5 mM H2O2 ) was administered after
9 h of 50 μMH2O2 treatment. After 24 h of exposure to the apoptotic stress, the
cells were processed for measurement of DNA fragmentation by flow cytometry.
Polylinker RNA (supplied as control by New England Biolabs) was transfected
into V79 cells and polylinker-transfected V79 cells served as the negative
control for siRNA experiments.
2.5. Measurement of transcription factor-induced gene expression
Transcription factor-induced gene regulation was monitored by Mercury
Pathway profiling SEAP system kit from Clontech, USA following the
manufacturer's instructions. Cells were transfected by corresponding plasmids
as described in the manuals. Mercury vectors are engineered in such a way that
they contain a specific cis-acting DNA binding sequence and a sensitive reporter
gene. That is if any transcription factor binds to the cis-acting DNA binding
domain, alkaline phosphatase will be expressed. This secreted alkaline
phosphatase was measured fluorometrically by using its substrate 4-methyl
umbeliferryl phosphate (10 μM). The transfections were induced by calcium
phosphate and the vector pNFκB-SEAP was used.
2.6. Flow cytometry
Cells were harvested and fixed with 70% chilled ethanol and kept at −20 °C
for 24 h. These cells were washed with PBS twice and suspended in PBS
containing 20 μg RNAase and kept for 2 h. These cells then were treated with
ethidium bromide (20 μg/ml) and kept at dark for 15 min. Cell cycle of these
cells was analyzed by flow cytometry in a Becton–Dickinson flow cytometer.
2.7. Statistical analysis
Student's t test was used to calculate statistical significance of the data.
CT
ED3. Results
3.1. Repetitive stress enhances phosphorylation of p38MAPK,
ATF-2, and Akt
Within the first week of the repetitive stress period, dual
phosphorylation of p38MAPK was detectable. p38MAPK
remained prominently phosphorylated during the 4-week
repetitive stress period and at the end of the 4-week study
period the phosphorylation of p38MAPK was about 8 fold over
control (Fig. 1A). Phosphorylation of ATF-2, a known
p38MAPK substrate, was also evident during this period of
repetitive stress (Fig. 1B).
Akt became phosphorylated on serine473 and threonine308
after the first week of repetitive stress. The phosphorylation of
Fig. 2. Activation of NFκB after 4 weeks of repetitive stress in V79 fibroblasts.
(A) Effect of pathway-selective inhibitors on the NFκB transcriptional activity.
NFκB-driven activation of the alkaline phosphatase gene expression was
measured in the form of alkaline phosphatase activity. The data are presented as
fold increase over control alkaline phosphatase activity values. (B) Effect of
pathway-selective inhibitors on the phosphorylation of IKK. In the upper left
panel phospho IKK immunoblot is displayed. In the lower left panel beta actin
immunoblot is shown to indicate equal protein loading. At the right hand panel,
band densities of the phospho IKK bands are given as fold increases
(Mean±SD) over control values. (C) Effect of pathway-selective inhibitors on
the phosphorylation of p65. In the upper left panel phospho p65 immunoblot is
displayed. In the lower left panel beta actin immunoblot is shown to indicate
equal protein loading. At the right hand panel, band densities of the phospho p65
bands are given as fold increases (Mean±SD) over control values. The cells were
treated with repetitive stress for 4 weeks or were left untreated (control). The
repetitively stressed cells received either no other treatments or received
simultaneous treatments with any one of SN50, LY294002 or SB203580.
Experimental details are provided in Materials and methods.
Fig. 1. Phosphorylation status of p38MAPK, ATF-2, and Akt during 4 weeks of
repetitive stress in V79 fibroblasts. (A) Dual phosphorylation of p38MAPK. In
the upper panel phospho p38MAPK immunoblot is displayed. In the lower panel
p38MAPK immunoblot is shown to indicate equal protein loading. At the
bottom of the lower panel, band densities of the phospho p38MAPK bands are
given as fold increases (Mean±SD) over control values. (B) Phosphorylation of
the p38MAPK substrate ATF-2. In the upper panel phospho ATF-2 immunoblot
is displayed. In the lower panel beta actin immunoblot is shown to indicate equal
protein loading. At the bottom of the lower panel, band densities of the phospho
ATF-2 bands are given as fold increases (Mean±SD) over control values. (C)
Phosphorylation of Serine473 of Akt. In the upper panel phospho serine473
immunoblot is displayed. In the lower panel Akt immunoblot is shown to
indicate equal protein loading. At the bottom of the lower panel, band densities
of the phospho serine473 Akt bands are given as fold increases (Mean±SD) over
control values. (D) Phosphorylation of Threonine308 of Akt. In the upper panel
phospho threonine308 immunoblot is displayed. In the lower panel Akt
immunoblot is shown to indicate equal protein loading. At the bottom of the
lower panel, band densities of the phospho threonine308 Akt bands are given as
fold increases (Mean±SD) over control values. The cells were treated with
repetitive stress for 4 weeks or were left untreated (control). Details of the
experimental procedures are given in Materials and methods.
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EDAkt became prominent at the end of 2 weeks and remained
phosphorylated on both these residues for the 4 weeks of
repetitive stress (Fig. 1C and D). Extracellular Signal Regulated
Kinase (ERK1/ERK2) phosphorylation was not seen in V79
cells under the repetitive stress conditions. Also, Jun-N terminal
Kinase (JNK) phosphorylation was not consistently detectable
in the repetitively stressed cells (data not shown).
3.2. Repetitive stress increases NFκB-driven transcriptional
activity
Repetitive stress enhances transcriptional activity induced by
NFκB significantly over control (p<0.01; 4 fold). This rise istotally blocked by the simultaneous presence of either
SB203580 or SN50 along with repetitive stress. The presence
of LY294002 concurrently with repetitive stress, did not signi-
ficantly (p>0.05) influence the rise in NFκB-driven transcrip-
tional activity (Fig. 2A). Also IKK and NFκB phosphorylations
were significantly (p<0.01) enhanced by repetitive stress. The
simultaneous presence of SB203580 and repetitive stress
drastically (p<0.01) reduced the IKK and NFκB p65 phospho-
rylations observed in repetitively stressed cells (Fig. 2B and C).
Presence of LY294002 along with repetitive stress caused no
change in the phosphorylations of IKK and NFκB p65 (Fig. 2).
Presence of SN50 did not change IKK phosphorylations by
repetitive stress (Fig. 2B). However, NFκB p65 phosphorylation
was blocked by the presence of SN50 (Fig. 2C).
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A3.3. Effect of pathway-selective inhibitors on phosphorylation
of p38MAPK, Akt and Bad, and on the upregulation of Bcl-2 in
the repetitively stressed cells
The presence of SB203580, a p38MAPK inhibitor almost
completely abolished the phosphorylation of p38MAPK by
repetitive stress (Fig. 3A). SB203580 can inhibit stimulus-
induced phosphorylation of p38MAPK and can block the
biological activity of p38 kinase by binding to the inactive form
of p38 and reducing its rate of activation [19]. However, the
presence of the PI3-kinase inhibitor, LY294002 or the NFκB
inhibitor SN50 did not cause any change (p>0.05) in the
phosphorylation status of p38MAPK in the repetitively stressed
cells. The serine473 phosphorylation of Akt was severely (about
70% reduction) reduced by the presence of PI3-kinase inhibitor
LY294002 (p<0.01). The presence of SB203580, along with
repetitive stress, also moderately reduced Akt serine473
phosphorylation (about 40% reduction). However, the NFκB
inhibitor SN 50 failed to influence Akt serine473 phosphoryla-
tion by repetitive stress (Fig. 3B). Phosphorylation of serine136
of Bad increased notably during repetitive stress (Fig. 3C). This
increase was severely reduced (about 80%) by the presence of
LY294002 during repetitive stress. A moderate decrease in Bad
phosphorylation was noted in the presence of SB203580 (about
50% reduction).
Repetitively stressed cells demonstrated (Fig. 3D) a signi-
ficant increase in the level of the Bcl-2 protein (p<0.05; about
8 fold) compared to control cells. Fig. 3D and E also document
the effects of inhibitors on the overexpression of Bcl-2 brought
about by repetitive stress. Both SB203580 and SN50 completely
abolished the overexpression of Bcl-2 protein induced by
repetitive stress. But LY294002 did not exert any significant
CT
EDFig. 3. Effect of pathway-selective inhibitors on the phosphorylation status of
p38MAPK , Akt and Bad, and on the upregulation of Bcl-2 levels by repetitive
stress. (A) Effect of inhibitors on the dual phosphorylation of p38MAPK. In the
upper left panel phospho p38MAPK immunoblot is displayed. In the lower left
panel p38MAPK immunoblot is shown to indicate equal protein loading. At the
right hand panel, band densities of the phospho p38MAPK bands are given as
fold increases (Mean±SD) over control values. (B) Effect of inhibitors on the
serine473 phosphorylation of Akt. In the upper left panel phospho serine473 of
Akt immunoblot is shown. In the lower left panel Akt immunoblot is shown to
indicate equal protein loading. At the right hand panel, band densities of the
phospho serine473 Akt bands are given as fold increases (Mean±SD) over
control values. (C) Effect of inhibitors on the serine136 phosphorylation of Bad.
In the upper left panel phospho serine136 of Bad immunoblot is shown. In the
lower left panel beta actin immunoblot is displayed to indicate equal protein
loading. At the right hand panel, band densities of the phospho serine136 Bad
bands are given as fold increases (Mean±SD) over control values. (D) Effect of
inhibitors on the upregulation of Bcl-2 protein levels. In the upper left panel Bcl-
2 immunoblot is displayed. In the lower left panel beta actin immunoblot is
shown to indicate equal protein loading. At the right hand panel, band densities
of the Bcl-2 bands are given as fold increases (Mean±SD) over control values.
(E) Effect of NFκB inhibitor on the upregulation of Bcl-2 mRNA level. In the
upper left panel Bcl-2 mRNA levels are shown. In the lower left panel beta actin
mRNA is shown to indicate equal loading. At the right hand panel, band
densities of the Bcl-2 bands are given as fold increases (Mean±SD) over control
values. The cells were treated with repetitive stress for 4 weeks or were left
untreated (control). The repetitively stressed cells received either no other
treatments or received simultaneous treatments with any one of SN50,
LY294002 or SB203580 (A, B, D), or LY294002 or SB203580 (C), or only
SN50 (E). Experimental details are provided in Materials and methods.
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Similarly, mRNA level of Bcl-2 was markedly enhanced (about
7 fold over control level) by repetitive stress and the
enhancement was completely abolished by the presence of
SN50 (Fig. 3E).
3.4. Effect of single low-dose exposure to H2O2 in p38MAPK
siRNA-transfected fibroblasts
Silencing of p38MAPK led to very strong declines in
p38MAPK protein levels (87±10% decrease) in V79 cells
when detected by an antibody which recognizes the endogenousRE
TR
Alevels of total p38MAPK (Cell Signaling Technology #9212).
Total absence of p38MAPK phosphorylation was noted after
treatment of these cells with a single (50 μM) dose of H2O2
(data not shown).
Single low dose (50 μM) H2O2 treatment given to poly-
linker siRNA-treated control V79 fibroblasts brought about
prominent increases in phosphorylation of p65 of NFκB (Fig.
4A) and IKK (Fig. 4B). Poly-linker siRNA-treated control V79
fibroblasts served as transfected controls. In the p38MAPK
siRNA transfected V79 fibroblasts, the enhancements in
phosphorylation of p65 and IKK were almost abolished (Fig. 4).
Fig. 4C shows that silencing of p38MAPK by siRNA of
p38MAPK reduced the phosphorylation of serine473 of Akt
about 45%. Also, pre-exposure to a single low dose (50 μM)
H2O2 significantly (p<0.05) decreased the extent of apoptosis
(DNA fragmentation) induced by subsequent exposure to UVR
(5 J/m2) or 7.5 mM H2O2. However, the cells which received
low-dose H2O2 and p38MAPK siRNA transfection regained the
apoptotic response fully after exposure to UVR (5 J/m2) or
7.5 mM H2O2 (Fig. 4D).
3.5. DNA fragmentation in UVR and mM H2O2-treated control
and repetitively stressed cells
Fig. 5A shows that UVR (5 J/m2) or 7.5 mMH2O2 produced a
significant increase (p<0.01) in sub G0/G1 DNA content of V79
fibroblasts. However, UVR treatment brought about a signifi-
cantly higher amount (p<0.05) of DNA fragmentation than H2O2
treatment. The inhibitors SN50, or LY294002 or SB203580 failed
to influence sub G0/G1 DNA content of V79 fibroblasts. (Fig.
5A). Repetitively stressed cells (VST) demonstrated a signifi-
cantly lower (p<0.01) sub G0/G1 DNA content upon UVR
exposure or high dose (mM) H2O2 treatment when compared to
similarly treated control cells(Fig. 5B). Again, the inhibitors
SN50, or LY294002 or SB203580 did not change DNA
fragmentation of repetitively stressed cells without any subse-
quent stress exposure. The cells which were subjected to
CT
EDFig. 4. Effects of p38MAPK siRNA transfection on V79 fibroblasts treated with
a single exposure to 50 μM of H2O2. (A) Phosphorylation status of NFκB p65.
The upper left panel depicts immunoblot of phospho NFκB p65. The lower left
panel shows beta actin immunoblot to indicate equal protein loading. At the
right hand panel, band densities of the phospho NFκB p65 bands are given as
fold increases (Mean±SD) over control values. (B) Phosphorylation status of
IKK. The upper left panel depicts immunoblot of phospho IKK. The lower left
panel shows beta actin immunoblot to indicate equal protein loading. At the
right hand panel, band densities of the phospho IKK bands are given as fold
increases (Mean±SD) over control values. (C) Phosphorylation status of Akt. In
the upper left panel phospho serine473 of Akt immunoblot is shown. In the lower
left panel Akt immunoblot is shown to indicate equal protein loading. At the
right hand panel, band densities of the phospho serine473 Akt bands are given as
fold increases (Mean±SD) over control values. (D) Apoptotic response. Sub G0/
G1 DNA values in p38MAPK siRNA-transfected V79 cells after different
subsequent treatments. The data are presented as fold increase over H2O2-
untreated control values. VC-control; VSST treated with one low dose(50 μM)
of H2O2. Both polylinker control V79 cells (transfected control) and siRNA(
silencing p38MAPK)-treated V79 fibroblasts were treated with one low dose
(50 μM) of H2O2. Only polylinker-treated cells were taken as H2O2-untreated
control. Details of the experimental procedures are described in Materials and
methods.
Fig. 5. Apoptotic response of repetitively stressed cells. (A) Sub G0/G1 DNA
values in control V79 cells (VC) after different treatments. (B) Sub G0/G1 DNA
values in repetitively stressed V79 cells (VST) after different subsequent
treatments. The data are presented as fold increase over untreated control values.
The cells were treated with repetitive stress for 4 weeks or were left untreated
(control). Some batches of both VC and VST cells received either no other
treatments or received simultaneous treatments with any one of SN50,
LY294002 or SB203580. Subsequently, some batches of cells received either
UVR (5 J/m2) or 7.5 mM H2O2. One batch of initially untreated cells also
received no other subsequent treatment and the Sub G0/G1 DNAvalues in these
cells are taken as untreated control. Other experimental details are provided in
Materials and methods.
Fig. 6. Schematic representation of the signaling pathways operative in repe-
titively stressed cells. Repetitive H2O2 stress activates p38MAPK which subse-
quently activates NFκB by setting off phosphorylation of NFκB p65 and IKK.
NFκB activation results in the upregulation of Bcl-2 levels. Activated p38MAPK
also partially activates Akt. The predominant pathway of Akt activation in
repetitively stressed cells comes through activation of PI 3-kinase. Akt activation
results in the phosphorylation of Bad. Both Akt and NFκB pathways contribute
towards the inhibition of apoptosis in repetitively stressed cells.
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SB203580 during repetitive stress demonstrated a significantly
(p<0.01) higher DNA fragmentation after acute stress (UVR or
mM H2O2) when compared to cells subjected to only repetitive
stress and subsequently with UVR or mM H2O2. UVR in the
presence of SB203580, produced a significantly higher (p<0.05)
amount of DNA fragmentation in repetitively stressed cells than
could be produced byH2O2 under identical conditions. SB203580
restored the DNA fragmentation by UVR in repetitively stressed
cells to about 75% of the amount of DNA fragmentation in UVR-
treated controls. SB203580 also restored the apoptosis-inducing
response to H2O2 to about 82% of that in the control cells treated
with H2O2. In fact, there was no significant difference(p>0.05)
between 7.5 mM H2O2-treated control cells and 7.5 mM H2O2
treated repetitively stressed cells exposed to SB203580.
LY294002 exposure also partially restored (p<0.05) response to
UVR of repetitively stressed cells (48% restoration compared to
UVR-treated control cells). SN 50 treatment during repetitive
stress brought about a 60% restoration (p<0.05) of the apoptotic
response to UVR compared to the response observed in UVR-
treated control cells. With high dose H2O2 treatment, LY294002
brought back the apoptotic response (p<0.05) to the level of about
62% of theH2O2-treated control values. SN50 also induced a 67%
RE
TRincrease (p<0.01) in the DNA fragmentation amount in
repetitively stressed cells treated with mM H2O2 when compared
with similarly treated cells with only repetitive stress.
4. Discussion
Evidence of the involvement of signaling elements in the
adaptive response of mammalian cells comes mostly from the
studies dealing with myocardial or neuronal adaptive response or
preconditioning. In preconditioning, the protective effect is of
relatively short duration of up to 4 days [11] and this response is
associated with the activation of p38MAPK, Akt, PKC isoforms,
and cytosolic tyrosine kinases [20–25]. Activation of transcrip-
tion factors NFκB and CREB also takes place during precondi-
tioning [11,25]. Documentation of the association of signal
transduction pathways with oxidative stress adaptation in cells/
tissues other than that of the myocardial or neuronal type is still
insufficient. In mouse fibroblast L cells [20], short-term
preconditioning with H2O2 produced inhibition of subsequent
apoptosis. This H2O2 preconditioning (single exposure) was
accompanied by transient activation of JNK and p38MAPK and
sustained activation of Akt [20]. Furthermore, the data on the
involvement of signaling pathways with the adaptive response
also are limited mostly to the outcome from studies describing
short-term adaptive response/preconditioning of one or two pre-
exposures. After short-term exposure to H2O2, activation of
transcription factor NFκB has been associated with H2O2
resistance even without the presence of higher H2O2 degrading
ability [13]. In studies dealing with extended period adaptation to
multiple stress exposures, upregulation of anti-oxidant defense
has been demonstrated in the form of overexpression of anti-
oxidant defense enzymes [3–5,9,10,14,26]. In oxidative stress-
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Aadapted cells manifold increases have been observed in anti-
oxidant defense enzymes such as catalase, SOD, glutathione
peroxidase, and aldose reductase [3–5,9,10,15,26]. In a study of
prolonged small-dose radiation exposure, NFκB activation has
also been identified with increased expression of SOD [27]. We
have earlier observed an inhibition by a tea polyphenol of NFκB
activation in cells subjected to repetitive oxidative stress for
4 weeks in culture [15] and linked p38MAPK activation with
enhanced catalase levels in these cells [14]. Long-term tobacco
smoke exposure results in the activation of NFκB, AP1, and
MAPK enzymes in mouse brain [16]. However, comprehensive
mapping of one or more signaling pathways leading to expression
of survival genes in repetitive/chronic stress over an extended
period has not been performed. Here, we connect (Fig. 6) several
components of the signaling pathway associated with stress
tolerance in V79 fibroblasts which leads to over expression of
Bcl-2 and phosphorylation of Bad along with inhibition of
apoptosis by mM H2O2 or UVR. We have also identified the
activation of p38MAPK as the crucial upstream step regulating
key survival pathways of Akt and NFκB (Fig. 6), which in turn
results in phosphorylation of Bad and upregulation of Bcl-2
respectively. Activation of p38MAPK in the heart by precondi-
tioning resulting in subsequent reduction of infarct size has been
documented [21]. Bcl-2 is well known as a key anti-apoptotic
protein controlling mitochondrial permeability [28] and its ability
to fortify anti-oxidant defense mechanisms has also been
described [29]. Oxidative preconditioning of PC12 cells leads to
an upregulation of Bcl-2 levels [1]. Also, hyperoxic precondition-
ing prevents myocardial infarction by upregulation of Bcl-2 levels
[30].We now establish the linkage between the activation of
p38MAPK and Bcl-2 in stress tolerance of V79 fibroblasts
subjected to repetitive low-grade oxidative stress for 4 weeks in
culture. Furthermore, this control of p38MAPK over Bcl-2 levels
is exerted through the p38MAPK mediated activation of NFκB
(Fig. 3). We observed that Akt phosphorylation in repetitively
stressed cells underwent a 70% reduction by a PI-3-kinase
inhibitor, LY294002. But inhibition of PI-3 kinase by LY294002
in repetitively stressed cells failed to significantly influenceNFκB
transcriptional activity, IKK or p65 phosphorylation. Also, in
repetitively stressed cells SB203580 radically reduced (>90%)
p38MAPK phosphorylation (Fig. 3A) and inhibited Akt phos-
phorylation only about 40% (Fig. 3B). Moreover, LY294002
treatment along with repetitive stress did not reduce activation of
p38MAPK.Hence, it is evident thatAkt activity is not required for
p38MAPK activation. In fact, Akt activation is partially
dependent on upstream activity of p38MAPK. Induction of Akt
activation by an activated p38MAPK has been described [31].
Involvement of both Akt and p38MAPK upstream of NFκB
activation has also been demonstrated by recent studies [32,33].
However, in our study it is evident that p38MAPK controls NFκB
activity through phosphorylation of IKK and p65 (Fig. 2) as
inhibition of p38MAPK phosphorylation by SB203580 resulted
in the inhibition of both IKK and p65 phosphorylations. Akt is not
associated with the increased activity of NFκB in repetitively
stressed cells as LY294002 failed to significantly influence NFκB
transcriptional activity, IKK or p65 phosphorylation (Fig. 2).
Furthermore, inhibition by siRNA of p38MAPK of p38 MAPK
RE
TRactivation brought about by a single exposure to H2O2 also
resulted in blockage of IKK and p65 phosphorylations and partial
obstruction of Akt phosphorylation (Fig. 4). Therefore, it is
conceivable that in repetitively stressed V79 fibroblasts NFκB
activation is dependent on sequential activation of p38MAPK,
IKK and p65 in an Akt-independent manner. However, SN-50
which prevents NFκB nuclear translocation did not block IKK
phosphorylation but impeded p65 phosphorylation. Consequent-
ly, it is possible that a kinase other than IKK phosphorylated p65
in repetitively stressed cells. In this connection, the involvement
of MSK1 (mitogen and stress activated kinase 1), which is a
substrate of p38MAPK and ERK, and phosphorylates p65 in the
nucleus [34–36] could be envisioned.
We observed that the pro-apoptotic protein Bad was phos-
phorylated at serine136 in repetitively stressed cells and this
phosphorylation was almost completely blocked by simulta-
neous exposure to LY294002 (Fig. 3C). As activated Akt is
known to inactivate the pro-apoptotic function of Bad through
serine136 phosphorylation [37,38], it is apparent that in the
repetitively stressed cells Bad remained in an inoperative state.
The balance between cell proliferation and apoptosis is of
utmost importance. A tilt towards any one of these two processes
or blockage of any of the two would have the potential to initiate
disease development. The survival advantage offered by
repetitive stress made the repetitively stressed cells resistant to
apoptosis by subsequent mM H2O2 or UVR (Fig. 5). This may
be potentially harmful in view of propagation of damaged cells
which are unable to repair stress-induced damage. We tried to
identify the relative contribution of the survival pathways
towards the anti-apoptotic environment in the repetitively
stressed V79 fibroblasts. Blocking of the Akt pathway with
LY294002 in repetitively stressed cells resulted in a 40–50%
revival of the normal stress-induced DNA fragmentation. Also,
blocking of the NFκB activity by SN-50 brought about a 60%
revival of the apoptotic response. However, p38MAPK
activation was a major contributory factor in the anti-apoptotic
effects of repetitive stress through its total restraining action on
the NFκB pathway and partial blockage of the Akt pathway.
Consequently, inhibition of the p38MAPK produced a greater
restoration of the (76–82% revival) of the normal apoptotic
response. Similarly, p38MAPK siRNA completely reversed the
anti-apoptotic effects of a single low dose exposure to H2O2
(Fig. 4D). The effects of p38MAPK pharmacological inhibitor
SB203580 and p38MAPK siRNAwere identical in the reversal
of the anti-apoptotic influence of H2O2 pre-exposure.
p38MAPK inhibition has been proposed to inhibit over-
expression of Bcl-2 in lymphomas and impede drug resistance
in this type of cancer [39]. In accordance with this finding, we
identify p38MAPK as the key element playing a pivotal role in
the development of the anti-apoptotic potential of the
repetitively stressed V79 fibroblasts.
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